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Abstract 
The potential benefits from algal biofuels, such as reduced greenhouse gas emissions, come with natural resource 
consumption and potentially negative environmental and social impact. A multi-criterion approach based on analytic 
hierarchy process (AHP) and Monte Carlo simulation is proposed to holistically evaluate the suitable cultivation 
system for sustainable production of algal biofuels. The multiple criteria identified to evaluate the alternatives are: 
environmental impact, energy consumption, economic viability, technical considerations, and social acceptability. 
Sub-criteria are defined from these main criteria to further enhance the evaluation of each cultivation system. A case 
study using Nannochloropsis sp. is then solved to demonstrate the decision model for the following cultivation 
systems: open pond, flat-panel photobioreactor, and horizontal tubular photobioreactor. The results show that flat 
panel photobioreactor is the preferred cultivation system to sustainably produce algal biofuels based on the 
established multi-criterion evaluation using AHP. 
© 2014 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Algal biofuels offers a promising alternative to fossil fuels due to high photosynthetic efficiency and 
thus high yield per land area. Algae are the only biomass feedstock which is capable of meeting the global 
demands for transport fuels [1]. However, its potential benefits come along with natural resource 
consumption and negative environmental and social impact. The selection of an appropriate microalgae 
species and its cultivation technology adopted is essential in the sustainable production of algal biofuels. 
An intensive experimental study was conducted to compare the lipid productivity of 30 microalgae strains 
for different cultivation scales resulted in selecting Nannochloropsis sp. as the preferred strain for algal 
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biofuel production [2]. The cultivation of Nannochloropsis sp. in various systems was explored with 
following cultivation alternatives: raceway pond [1], flat panel photobioreactor [3], and horizontal tubular 
photobioreactor [4]. However, the evaluation of the three cultivation alternatives using Nannochloropsis 
sp. resulted to discretely different individually preferred options: raceway pond for net energy ratio (NER) 
[5] and horizontal tubular photobioreactor for the lowest production cost [6]. To further weigh the overall 
performance of each cultivation alternatives in a holistic manner rather looking only at individual discrete 
criteria, a multi-criteria evaluation to sustainably produce algal biofuels is proposed in this study. Analytic 
hierarchy process (AHP) is used to establish the multi-criteria evaluation for the three cultivation 
alternatives. In addition, actual performance uncertainties are considered in the multi-criteria evaluation 
using Monte Carlo.  
2. Analytic Hierarchy Process 
AHP is a multi-criterion decision aid (MCDA) method which was initially introduced by Saaty in the 
1970’s [7]. AHP translates complex decision problems into hierarchical structure with the goal 
(objectives) found on top of the hierarchy, criteria and sub-criteria located at the mid-level of the 
hierarchy, and the decision alternatives are found at the bottom of the hierarchy [8]. Each element in each 
level is compared in a pairwise manner with respect to a goal element. The pairwise comparison results to 
a normalized weight of each criteria and sub-criteria together with the resulting normalized scores of each 
cultivation systems. The calculation of the normalized weights and the normalized scores through 
pairwise comparison matrix is described by Saaty [7]. The goal is to produce sustainable algal biofuels by 
evaluating each alternative with multiple criteria: environmental impact, energy consumption, economics, 
social acceptability, and system robustness as proposed by National Research Council [9]. To further 
enhance the evaluation of the alternatives, each main criterion is defined by sub-criteria. Environmental 
impact is represented by five sub-criteria: carbon footprint, water footprint, land footprint, nitrogen 
footprint, and phosphorus footprint. The inclusion of the nutrient footprint (nitrogen and phosphorus 
footprint) enables the quantification of impact of nutrient consumption of each cultivation alternatives. 
Energy consumption and economics are represented by a single sub-criterion: net energy ratio (NER) and 
biomass production costs, respectively. Social acceptability is further defined by human health hazard and 
job opportunity sub-criteria. System robustness is represented by five sub-criteria: volumetric 
productivity, system complexity, contamination risks, process control, and climate adaptability. The three 
cultivation alternatives considered in the case study are raceway pond, flat-panel photobioreactor, and 
horizontal tubular photobioreactor. The AHP decision structure is shown in Figure 1.  
One of the strength of AHP is combining both quantitative and qualitative information in identifying 
the preferred alternative. The qualitative data are quantified via survey from four algal experts, 
cultivators, and processors using the 9-point scale for pairwise comparison of criteria [7]. Since actual 
performances of the cultivation systems vary with economies of scale, a probabilistic approach in 
quantifying certain sub-criteria is considered in this work using Monte Carlo simulation. 
3. Case Study 
This case study focuses on the production of biofuel from Nannochloropsis sp. species which was 
identified as the preferred candidate for biofuel production [2]. In comparing the three cultivation 
alternatives: raceway pond, flat-panel photobioreactor, and horizontal tubular photobioreactor, a 
functional unit of 100,000 kg/y biomass production is used to compare the three options plausibly as 
suggested by Jorquera et al. (2010) due to data availability [5]. The sub-criteria are divided into two 
categories: deterministic parameters and imprecise parameters as shown in Table 1. The prior data are 
defined through experimental and meta-analysis found in reported literature [2,5,6]. The later data 
represents uncertainty and are defined through: 1) expert judgment via survey for human health hazard, 
system complexity, contamination risks, process control, and climate adaptability; and 2) probabilistic 
simulation via 1,000 iterations of Monte Carlo for biomass production costs and volumetric productivity. 
Due to the uncertainty nature of the actual performance of each cultivation system, the weight values for 
the biomass production cost and volumetric productivity sub-criteria are identified using 1,000 iterations 
of Monte Carlo simulation. The Monte Carlo simulation is described by 1,000 iterations of random 
variable x with probability distribution of y = f(x) following a normal distribution given mean (μ) and 
standard deviation (σ) of the sub-criteria. A summary of the numerical comparison of weights between 
the three cultivation systems with respect to each sub-criterion with its corresponding data type and 
references is shown in Table 1. The numerical values in Table 1 are used to solve for the normalized 
weights of the criteria and the sub-criteria and the normalized scores of the cultivation alternatives using 
the pairwise comparison approach as mentioned previously. 
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The overall results showed that the flat-panel photobioreactor is the most preferred cultivation system 
followed by the horizontal tubular photobioreactor, then lastly the raceway pond. Figure 1 shows the AHP 
decision structure together with the values of the normalized criteria and sub-criteria weights and the 
values of the total normalized scores of each cultivation alternative. The flat-panel photobioreactor 
showed balance scores between NER, biomass production costs, and contamination risk which account to 
about three-fourths of its total score. 
Table 1 Numerical weight comparison for each cultivation system and its corresponding sub-criteria. 
# Criteria Sub-criteria Raceway Ponds Flat Panel PBR 
Horizontal 
Tubular PBR Units Data Type References 
1 Environmental Impact Carbon Footprint 1.80 3.33 75.64 kg/kg Deterministic [5] 
2 Environmental Impact Water Footprint 78.28 10.15 4.89 kg/kg Deterministic [5] 
3 Environmental Impact Land Footprint 25988.25 10147.00 10763.20 m
2
 Deterministic [5] 
4 Environmental Impact Nitrogen Footprint 0.0193 0.0025 0.0012 kg/kg Deterministic [2,5] 
5 Environmental Impact Phosphorus Footprint 0.000425 0.000055 0.000027 kg/kg Deterministic [2,5] 
6 Energy Consumption 
Net Energy Ratio 
(NER) 8.34 4.51 0.20 - Deterministic [5] 
7 Economics Biomass Production Cost 
1,966,366.01 ± 
18,963.47 
989,744.49 ± 
156.10 
995,072.18 ± 
872.42 US$/y Imprecise 
Monte Carlo, 
[6] 
8 Social Acceptability 
Human Health 
Hazard 1.76 8.83 9.50 -   
Expert 
Judgement 
9 Social Acceptability Job Opportunity 55345.98 10047.77 8263.56 US$/y Deterministic [6] 
10 System Robustness 
Volumetric 
Productivity 0.035 ± 0.004 0.27 ± 0.023 0.56 ± 0.15 
kg/ 
m
3
-d Imprecise 
Monte Carlo, 
[4,5] 
11 System Robustness System Complexity 11.57 5.25 3.73 - Imprecise 
Expert 
Judgement 
12 System Robustness Contamination Risk 1.24 10.33 11.00 - Imprecise 
Expert 
Judgement 
13 System Robustness Process Control 1.30 10.88 9.03 - Imprecise 
Expert 
Judgement 
14 System Robustness Climate Adaptability 1.46 8.63 6.90 - Imprecise 
Expert 
Judgement 
 
 
Fig. 1. Analytic hierarchy process structure in the evaluation of three algal cultivation systems. 
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4. Conclusion 
A multi-criterion methodology using AHP approach is developed to evaluate three cultivation 
systems: raceway pond, flat panel photobioreactor, and horizontal tubular photobioreactor. The results 
showed that the flat panel photobioreactor is the preferred cultivation system to sustainably produce algal 
biofuels. The uncertainty in the actual performance of each cultivation system was quantified through 
Monte Carlo simulation. Future work covers fuzzy analytic hierarchy process in the uncertainty analysis 
of the actual performance of each cultivation alternatives. 
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